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The stalked bacterium, Caulobacter crescentus, carries out an obligatory and defined morphogenesis during its life cycle.1 A schematic representation of the differentiation process is shown in Fig. 1 by a stalk at one pole. The wall of the stalk is continuous with both the lipopolysaccharide and murein layer of the wall of the cell.2 The first differentiation step is the proliferation of a defined membrane structure (1) at the pole opposite the stalk.2-4 This polar membrane can be distinguished from a large median mesosome present in the cell and does not appear to be continuous with the cy-200 toplasmic membrane.4'5 The second step involves the formation of a single flagellum along with several short pili (2) . Cell division occurs, resulting in the formation of unlike daughter cells; a stalked cell and a flagellated swarmer cell. The last step of morphogenesis (3) then occurs in the flagellated cell; a stalk forms at the site of the polar membrane and the flagellum is lost. Thus the flagellated cell must become a stalked cell before it is capable of cell division.' Of primary interest in this morphogenic pattern is the initial synthesis, in the stalked cell, of a specialized polar membrane structure at a specific location in the cell, and at a specific time in the cell's life cycle. This membrane may be involved functionally in the subsequent formation of subcellular structures such as flagella, pili, and stalk. The effective use of this simple prokaryote to study the molecular basis of morphogenesis should be possible if: (a) populations can be synchronized and the steps of the differentiation process defined in relation to cellular growth and morphology; (b) a simple and accurate assay can be employed to monitor the differentiation process, and (c) conditional lethal mutations of the organism, which block development, are obtainable. In this paper we demonstrate cell synchronization, based on a method developed by Stove and Stanier in 1962, and an assay for monitoring the course of morphogenesis by the selective adsorption of labeled bacteriophage. The characterization of five classes of temperaturesensitive mutants will be reported elsewhere. 6 Materials and Methods. C. crescentus strain CB13B1a was cultured in a nutrient broth (PYE) containing 0.2%0 bactopeptone, 0.1% yeast extract and 0.02%0 MgSO4 H20 in tap water.' Liquid cultures were incubated at 30'C on a rotary shaker.
Flagellated (swarmer) and stalked cells were separated by differential sedimentation based on the technique described by Stove and Stanier.1 To obtain a pure stalked cell population, cultures were grown to late stationary phase at which time the cell population was composed of approximately 95% stalked cells. Two successive centrifugations at 5000 rpm for 5 min at 40C in the Sorvall RC2-B centrifuge pelleted the remaining swarmer cells, as well as cell clusters (rosettes). The stalked bacteria tend to form these rosettes at high cell concentrations because of sticky "hold-fast" material at the end of the stalk and at the base of the flagellum. Once rosettes were eliminated, synchronous growth was initiated by incubating the stalked cells in relatively dilute solutions at 30'C. Results and Discussion. At stationary phase 95% of the cells have stalks. These cells may be isolated by differential centrifugation, since the stalked cell offers greater frictional resistance in a centrifugal field than the swarmer cell.' Synchronous growth was initiated by incubating these cells at 300C (Fig. 2A) In order to determine the time required for the swarmer to stalked cell transition under our growth conditions, the experiment was repeated starting with synchronous swarmer cell populations. Since the time required for stalked cells to divide has been determined, measurement of the time required for cell division starting with swarmer cells yields the time of cell transition (Fig. 2B) . Swarmer cells were isolated as described in Materials and Methods, and then incubated at 30'O. At the onset of the experiment, all the cells appeared motile in the microscope. After 30 min, however, motile cells were no longer visible. Flagellated cells reappeared between 100 and 110 min. The viable count of swarmer cell populations routinely increased in number approximately 110 min after the start of growth. Under these conditions, therefore, swarmer cells develop staJks in 30 min. As would be expected, a second increase in cell number occurred 80 min after the first. The growth cycle on single clones in microculture was followed microscopically by Stove and Stanierl with similar strains of C. crescentus, and the swarmer to stalked cell transition was shown to occur in 25-30 min. Electron micrographs of three stages in the life cycle of C. crescentus are shown in Fig. 3 (Fig. 4) . The suspension of bacteria and phage were collected, washed, and counted on millipore filters. As a swarmer cell changes into a stalked cell, pili are lost and the cell loses the ability to retain labeled phage. A sharp decrease in the ability to retain labeled phage occurred after 20-30 min, simultaneously with loss of motility observed microscopically. Thus, the time span for this differentiation step deduced from the viable count experiments was confirmed by the assay of phage adsorption. It appears, therefore, that the phage adsorption assay is an accurate reflection of the dimorphic character of C. crescentus, and be used to monitor differentiation in synchronized cultures.
